Code index modulated multi-carrier M -ary differential chaos shift keying (CIM-MC-M -DCSK) system not only inherits low-power and low-complexity advantages of the conventional DCSK system, but also significantly increases the transmission rate. This feature is of particular importance to Internet of Things (IoT) with trillions of low-cost devices. In particular, for e-health IoT applications, an efficient transmission scheme is designed to solve the challenge of the limited battery capacity for numerous user equipments served by one base station. In this paper, a new multiple-input-single-output simultaneous wireless information and power transfer (MISO-SWIPT) scheme for CIM-MC-M -DCSK system is proposed by utilizing orthogonal characteristic of chaotic signals with different initial values. The proposed system adopts power splitting mode, which is very promising for simultaneously providing energy and transmitting information of the user equipments without any external power supply. In particular, the new system can achieve desirable anti-multipath-fading capability without using channel estimator. Moreover, the analytical bit-error-rate expression of the proposed system is derived over multipath Rayleigh fading channels. Furthermore, the spectral efficiency and energy efficiency of the proposed system are analyzed. Simulation results not only validate the analytical expressions, but also demonstrate the superiority of the proposed system. Manuscript
I. INTRODUCTION
E -HEALTH Internet of Things (IoT) is considered as one of the most important missions for 5G network [1] . With the continuous growth of the e-health IoT, a number of lowcost and low-power devices are connected to the 5G network for well adapting to the increased application domains and deployments [2] . One fundamental aspect of e-health IoT communications is to perform the network in a self-sufficient way, thus rendering the battery lives of the medical devices up to ten years [3] . Recently, wireless information and power transfer (SWIPT) system, which can simultaneously carry information and energy, has attracted significant attention as it can provide energy supply for the power-limited devices by using radio frequency (RF) signals. Hence, SWIPT system is considered as a promising candidate for the energy-constraint e-health IoT. In the SWIPT system, two practically realisable receiver structures, i.e., time switching (TS) and power splitting (PS), have been proposed [4] . In the former, the receiver switches over time between energy harvesting and information decoding, however, in the latter, the receiver uses a part of the received energy for energy harvesting and the remaining one for information decoding. In the past decade, a large volume of research works have been extensively studied to designing SWIPT schemes with these two receivers in a variety of scenarios [5] , e.g., single-input single-output (SISO) system [6] , [7] , multiple-input multiple-output (MIMO) system [4] , [8] , [9] , multiple-input single-output (MISO) multi-user system [10] , cognitive radio networks [11] , [12] , [13] , multihop networks [14] , [15] , [16] , multi-relay systems [17] , [18] , and the practical modulation system [19] - [23] . However, the above coherent SWIPT systems require the availability of channel state information (CSI), which results in an increase of implementation complexity and the energy consumption due to channel estimation.
In contrast, the noncoherent SWIPT systems, which require no channel estimation, have appeared to be a lowercomplexity alternative to the coherent SWIPT systems [24] - [28] . Hence, they have been considered as a competitive solution to e-health IoT applications. Among various noncoherent modulation techniques, for example, frequency-shiftkeying (FSK) [24] , differential phase shift keying (DPSK) [25] , and differential chaos shift keying (DCSK) [26] , [17] , DCSK has drawn increasing attention due to its stronger anti-multipath fading capability. 1 Moreover, the chaotic signal used in the DCSK system outperforms the conventional singlecarrier signal in terms of the RF-to-direct-current (RF-DC) conversion efficiency at the same average transmitted power in the wireless power transfer system [27] . Nevertheless, the main disadvantage of the DCSK system is that a half of the symbol energy is consumed in the reference chaotic signal, which leads to relatively low energy efficiency and transmission rate. To overcome this problem, many DCSK variants have been proposed to improve the transmission rate and energy efficiency [29] - [35] , and some coded DCSK schemes have been conceived in [36] , [37] by using some modern codes, e.g., channel coding [38] and network coding [39] , to improve the transmission reliability, thus facilitating its applications in various communication scenarios.
Recently, the joint design of the DCSK modulation and the index modulation have been proposed to further increase the transmission rate and energy efficiency. To inherit the noncoherent property of the DCSK system, a differentially spatial modulated chaos shift keying modulation has been conceived by using a differential matrix [40] , where the antenna index is employed to carry additional information bits. In [41] , a multi-user permutation-index DCSK system has been proposed by permutation-matrix to achieve high transmission rate and enhance system security. In [42] , [43] , [44] , the code-indexmodulation (CIM) DCSK systems have been designed through selecting different Walsh codes to increase the transmission rate and to improve energy efficiency. Furthermore, with respect to the single-carrier communication systems, multicarrier (MC) communication system has been employed in the current communications, which is also a promising proposal for 5G network, especially, in IoT applications [45] . Based on MC-DCSK system [32] , a carrier-index MC-DCSK (CI-MC-DCSK) system and its M -ary version have been conceived via the subcarrier index to further reduce the energy consumption [46] , [47] . In particular, compared with the PI-DCSK and CIM-DCSK systems, the CI-MC-DCSK system can significantly reduce the system complexity due to the RF delay lines. Following the CI-MC-DCSK system, a new CIM-MC-M -DCSK system utilizes Walsh codes in the reference chaotic signals for all subcarriers to convey additional information bits and ensure the transmission information for all subcarriers [48] . For the above reasons, the CIM-MC-M -DCSK system can significantly increase the transmission rate and improve energy efficiency, and thus has been viewed as a promising physical-layer solution for e-health IoT applications.
To exploit the benefits of both SWIPT and DCSK, an MISOconfigured non-coherent short-reference DCSK (SR-DCSK) SWIPT communication system, i.e., SR-DCSK MISO-SWIPT system, has been introduced by using the TS receiver [26] . Although this system can achieve higher data rate than the conventional DCSK system, a part of time slot is employed to send additional chaotic signal for energy harvesting. To avoid using additional time slot, a CI-DCSK SWPIT system has been developed in [28] . In such a system, the transmitted signals are split into two parts by utilizing TS mode, i.e., the front part of the transmitted signals is utilized in energy harvesting and the later one is adopted in information decoding. However, this system not only changes the receiver structure but also may result in strict time synchronization. To ensure lowcomplexity, high-data-rate and low-power advantages, in this paper we propose a new CIM-MC-M -DCSK MISO-SWIPT communication system. 2 The main contributions of this paper are summarized as follows:
1) A new MISO-configured SWIPT scheme for the CIM-MC-M -DCSK system, i.e., CIM-MC-M -DCSK MISO-SWIPT system, is proposed by using orthogonal characteristic of chaotic signals with different initial values, where a multi-antenna is configured at the transmitter to improve energy efficiency while PS receiver is used at the receiver to ensure easy implementation. 3 The proposed system is particularly suitable for low-power and lowcost e-health IoT applications, where numerous UEs with the limited battery capacity are served by one base station.
2) The BER expression of the proposed CIM-MC-M -DCSK MISO-SWIPT system is analyzed and derived over multipath Rayleigh fading channels. In particular, an approximation scheme is proposed to derive a closedform BER expression of M -DCSK modulation by using linear processing method, which is also applicable to the other non-coherent chaotic modulations with differential detection, e.g., DCSK [30] and MC-DCSK [32] . Moreover, simulation results are carried out to validate the theoretical analysis and show the impact of the system parameters on the performance of the proposed system. Furthermore, the BER results between the proposed system and CIM-MC-M -DCSK system are carefully compared to demonstrate the superiority of the proposed system. 3) Spectral efficiency and energy efficiency of the proposed CIM-MC-M -DCSK MISO-SWIPT system are analyzed. It is demonstrated that the proposed system benefits from higher spectral efficiency than the CI-DCSK SWPIT and SR-DCSK MISO-SWIPT systems while it has the same spectral efficiency as that of the CIM-MC-M -DCSK system. Moreover, the proposed system can provide higher energy efficiency than that of the CI-DCSK SWPIT, SR-DCSK MISO-SWIPT and CIM-MC-M -DCSK systems. 2 Because the principles and configures of the CI-DCSK SWIPT and SR-DCSK MISO-SWIPT systems are different from that of the proposed CIM-MC-M -DCSK MISO-SWIPT system, it is rather difficult to compare their bit error rates (BERs) with the proposed system. Hence, in this paper, the CIM-MC-M -DCSK system is used as the benchmark to validate the superiority of the proposed system. 3 Energy harvesting is significantly affected by the distance between the transmitter and receiver because of the path loss. Hence, multiple antennas are adopted to improve the energy-harvesting efficiency and to achieve high energy efficiency [49] - [54] . However, this paper focuses on the low-complexity and low-power IoT applications. For this reason, we consider the system model with a user equipment (UE) severed by a base station (BS). This system model can be easily extended into multi-user cases due to the broadcast property of wireless signals. In addition, this system can be easily extended into MIMO scenarios by using equal-gain combining method at the UE with multiple antennas, which does not require channel estimation. The remainder of this paper is organized as follows. Section II gives the proposed system and signal models. Section III analyzes the performance of the proposed system. Section IV presents various numerical results and discussions. Section V concludes the paper.
II. SYSTEM AND SIGNAL MODELS
An MISO-SWIPT system model is considered, which consists of a BS with N t transmitted antennas and a UE with a single antenna, as shown in Fig. 1 , where the CIM-MC-M -DCSK modulation and demodulation shown in Fig. 2 are employed at the BS and UE, respectively. In the considered system, the BS transmits the data information and energy to the UE and after harvesting the energy the UE uses the harvesting energy to decode the information from BS.
A. CIM-MC-DCSK MISO-SWIPT System
The detail implementation of the CIM-MC-M -DCSK MISO-SWIPT system is depicted in Fig. 2 , where PS mode is adopted. At the transmitter of the CIM-MC-M -DCSK MISO-SWIPT system as depicted in Fig. 2 (a), a Walsh code and M -DCSK modulation are adopted in the reference chaotic signal of all the subcarriers and the data chaotic signal of each subcarrier to transmit the data information, respectively. We define the number of the subcarriers for each antenna as N , where N = 2 n and n is a positive integer. The CIM-MC-M -DCSK MISO-SWIPT system can transmit N + 1 parallel information, where each parallel information is defined by b i (i = 0, 1, . . . , N ). b 0 and b i can be converted into a symbol S 0 (S 0 ∈ {0, 1, . . . , N − 1}) and a symbol S i (S i ∈ {0, 1, . . . , M − 1}), respectively. Hence, in the designed CIM-MC-M -DCSK MISO-SWIPT system, it transmits the same information data for each antenna.
To mitigate the interference between the antennas, different chaotic signals are used at each antenna. The chaotic signals generated with different initial condition values have good cross correlation [55] , [56] , which tends to zero for a large spreading factor. As a simple example, Fig. 3 presents the cross-correlation values of two chaotic signals with different initial condition values, where a logistic map, i.e., x k+1 = 1 − 2x 2 k , is adopted. Hence, one can easily obtain infinite number of the orthogonal chaotic signals. The chaotic signal used in the n t -th antenna is defined as c nt x = (c nt x,1 , . . . , c nt x,β ), where β presents the spreading factor and n t = 1, . . . , N t . For a CIM, the in-phase baseband signal can be given by w T S0+1 c nt x , where w S0+1 denotes the (S 0 + 1)-th row of the Walsh-code matrix and (·) T presents the transpose operation.
For an M -DCSK modulation, the quadrature baseband signal can be created by a linear combination of chaotic signals, i.e., m nt Si = a Si c nt x + b Si c nt y , where c nt y is the Hilbert transform form of c nt x , a s and b s present the x-axis and y-axis coordinate values corresponding to a constellation point, e.g., an 8-DCSK constellation shown in Fig. 4 . The in-phase signal and quadrature signal are written as
, respectively, where T c denotes chip time and q(t) is the pulse shaping with a squareroot-raised-cosine filter. Therefore, the transmitted signal of the n t -th antenna for the CIM-MC-M -DCSK MISO-SWIPT system can be given by
where f i denotes the frequency of the sinusoidal or cosine carrier and it satisfies f i ≫ 1/T c , and f i and f j (i = j) have mutual orthogonality. After the multipath fading channels h nt (t) (n t = 1, ..., N ), the received signal of the user is given by
where n(t) is the additive white Gaussian noise (AWGN) with zero mean and variance of N0 2 , L nt is the number of paths, α l,nt and τ l,nt present the channel coefficient and the path delay of the l-th path, respectively.
As shown in Fig. 2 
is utilized for harvesting energy, and y I (t) = √ φr(t) is adopted to demodulate information, where the parameter φ denotes the power-splitting ratio and 0 ≤ φ ≤ 1. Then, y I (t) is handled by the cosine and sinusoidal carriers as well as the matched filters. Hence, one gets the in-phase and quadrature baseband signals of the i-th subcarrier, which are respectively given bỹ
where n i x,k denotes the baseband noise of the i-th subcarrier. 4 Finally, according to the demodulation principle in [48] , the inphase and quadrature baseband signals are deployed to decode the information from BS. 
B. Energy Harvester
The receiver harvests the energy from the signal y E (t) = √ 1 − φr(t) by performing a RF-to-DC conversion. The linear energy harvesting model is considered. Through some simple mathematical calculations for y E (t), the harvested power at the UE can be obtained as
where E 1 = β k=1 c 2 x,k is the energy of a chaotic signal c x and λ denotes the energy conversion efficiency factor satisfying 0 ≤ λ ≤ 1.
III. PERFORMANCE ANALYSIS
In this section, BER expressions for the proposed system are first derived over multipath fading channels. Then, energy efficiency and spectral efficiency for the proposed system are analyzed.
A. BER Analysis
In this paper, it is assumed that the largest multipath delay τ Ln t of the n t -th antenna is much shorter than the symbol duration, i.e., 0 < τ Ln t ≪ β, thus the inter-symbol interference (ISI) can be negligible [9] , [11] , [20] , [14] . Moreover, it is also assumed that the channel from each antenna to the UE is independent block fading and quasi-static during a symbol duration. Without loss of generality, we also assume that the gains of the channels from the BS to the UE are different, i.e., α 1,1 = . . . = α 1,Ln t = . . . = α Nt,LN t , which are independent Rayleigh distribution random variable. Moreover, we assume that at the information receiver for the CIM-MC-M -DCSK MISO-SWIPT system any external power supply is not used and it only needs a power P R to recover the transmitted information data. 5 According to the definition on the energy shortage probability in [26] , when the harvested power is less than the power P R , the transmitted information data can not be recovered, thus the energy shortage occurs. Hence, the system BER P sys of the proposed CIM-MC-M -DCSK MISO-SWIPT system is a function of the energy shortage probability P Shr and the BER P b of the information receiver. Furthermore, the BER P b of the information receiver includes two parts: the BER P b,CIM of the CIM and the BER P b,MDCSK of the M -DCSK modulation. In addition, the number of the transmitted bits for the proposed system is log 2 N +N log 2 M . The average energy per bit, i.e., E b , is denoted by
log 2 N +N log 2 M . Therefore, the system BER of the CIM-MC-M -DCSK MISO-SWIPT system can be expressed by
In the following, the energy shortage probability P Shr , BER of the CIM P b,CIM and BER of the M -DCSK P b,MDCSK are derived. 1) Energy Shortage Probability P Shr : The expression of the energy shortage probability is given by
. (7) Since the variable α l,nt follows the Rayleigh distribution, α 2 l,nt is a chi-square distribution with 2 degrees of freedom (i.e., α 2 l,nt ∼ χ 2 2 ). The variable 1
Nt

Nt nt=1
Ln t l=1 α 2 l,nt should be decomposed into the sum of Nt nt=1 L nt variables, where each variable follows the chi-square distribution of χ 2 2 . The characteristics function in [57] can be used to calculate the probability density function (PDF) of the variable 1 Nt
Ln t l=1 α 2 l,nt , given by
wherex l,nt is defined as
and ν l,nt is defined as
Hence, Eq. (7) can be computed as
2) BER of the CIM P b,CIM : The j-th (j = 1, 2, . . . , N ) energy metric of the demodulation for the CIM can be written as
When j = S 0 + 1 and considering the orthogonality of chaotic signal, the energy metric is calculated as
The mean and variance of Eq. (13) are computed as, respectively,
V ar[z e,j ] = σ 2 1 =
where E[•] denotes the expectation operator and V ar[•] is the variance operator. The detailed calculations of Eqs. (14) and (15) can be found in Appendix A.
When j = S 0 + 1, the energy metric is calculated as
The mean and variance of Eq. (16) can be computed as, respectively,
The detailed calculations of Eq. (17) can be found in Appendix A.
Hence, all the elements of the energy metric vector z e = [z e,1 , . . . , z e,j , . . . , z e,N ] are mutually independent, which follow the Gaussian distribution. The symbol error rate (SER) expression of the CIM can be derived as
where
Ln t l=1 α 2 l,n t
Nt (E b /N 0 ). Let t = z e,i /σ 2 for i = j and u = z e,j /σ 2 , Eq. (7) can be further simplified to
x exp(− t 2 2 )dt. Using Eqs. (14) and (15), one can further obtain
Using Q(x) ≤ 1 2 exp(− x 2 2 ) and the method of the Taylor series expansion, a closed-form expression of Eq. (19) can be obtained, i.e., Eq. (21), where n m is the combinational number. Hence, the BER expression of the CIM can be obtained as
Using the characteristics function, γ b can be calculated as
whereγ l,nt is the average bit-SNR for the l-th path of the n t -th antenna, defined asγ
and π l,nt is defined as 3) BER of the M -DCSK P b,MDCSK : Similar to the demodulation principle of M -DCSK part in [48] , the decision variables at the output of the correlators of the i-th subcarrier can be approximated as, respectively,
whereñ 1 x,k denotes the Hilbert transform of n 1 x,k and presents an AWGN with zero mean and variance N0 2 . The means and the variances of Eqs. (27) and (28) can be given by
The detailed calculations of Eqs. (29) , (30) and (31) can be found in Appendix B.
Through the polar coordinates transformations of z a,Ŝi and z b,Ŝi , the instantaneous PDF can be computed as
where ϕ, as shown in Fig. 4 , presents the phase error between the transmitted constellation and the received one, and the parameter γ is calculated as
For M -DCSK modulation, by using the PDF in Eq. (32), the BER expression can be obtained as
According to [48] , at high SNR regime, the approximated expression of Eq. (34) is given by 
where . Let x 0 = q, one can obtain y 0 , thus k can be computed as
Hence, combining Eq. (37) with Eq. (36), one can obtain a closed-form expression, i.e., Eq (39) . It should be noted that the proposed approximation scheme can be used for the closed-form BER derivation of the other non-coherent chaotic modulations with differential detection, e.g., DCSK and MC-DCSK modulation. Remark: Actually, the closed-form BER expression (i.e., Eq. (39)) of the M -DCSK system is the lower bound of the integral BER expression (i.e., Eq. (36)), which is used for the diversity analysis. Through the simulations, it can be found that in the low SNR regime the results of Eq. (39) can well match with the ones of Eq. (36) while in the high SNR regime there is about 2 dB gap. However, the comparison results are not given in this paper due to the space limitation. In the future, some new methods will be explored to derive more accurate closed-form BER of the M -DCSK system.
B. Spectral Efficiency Analysis
Spectral efficiency (b/s/Hz) is defined as the ratio between the transmitted bits and the number of subcarriers [58] . Hence, the spectral efficiency of the proposed CIM-MC-M -DCSK MISO-SWIPT system is given by
The spectral efficiency of the CI-DCSK SWIPT system is SE CI = log 2 N +N −1 N +1 b/s/Hz, while the spectral efficiency of the SR-DCSK MISO-SWIPT system is about 1 b/s/Hz. It is evident that the CIM-MC-M -DCSK SWIPT system has higher spectral efficiency than that of the CI-DCSK SWIPT and SR-DCSK MISO-SWIPT systems. Furthermore, the spectral efficiency of the proposed CIM-MC-M -DCSK system is also equal to log 2 N +N log 2 M N b/s/Hz. Hence, the proposed system has the same spectral efficiency as the CIM-MC-M -DCSK system.
C. Energy Efficiency Analysis
The energy efficiency (J/s) is defined as the ratio of the spectral efficiency to the total power consumption. The energy efficiency of the proposed CIM-MC-M -DCSK MISO-SWIPT system is given by
Because the CIM-MC-M -DCSK SWIPT system has higher spectral efficiency than that of the CI-DCSK SWIPT and SR-DCSK MISO-SWIPT systems, the former system also has higher energy efficiency than that of the latter two systems at the same configures. Moreover, the energy efficiency of the proposed CIM-MC-M -DCSK system is EE Conv = log 2 N +N log 2 M N (2N E1+PR) J/s. Hence, the proposed system has higher energy efficiency than the CIM-MC-M -DCSK system.
IV. NUMERICAL RESULTS AND DISCUSSIONS
We present analytical and simulation plots of the BER for the proposed MISO-SWIPT CIM-MC-M -DCSK system over multipath Rayleigh fading channels. In simulation, the parameters of the multipath Rayleigh fading channels are given in Table I . Moreover, the spreading factor β is set to 160, the energy-harvesting efficiency λ is set to 0.5 and the power P R is set to 2N E1 the antennas, the orders and the subcarriers are adopted. It should be noted that the theoretical results are computed by using Eqs. (6), (26) and (36) here. Referring to the figures, the simulated results are found to agree well with the theoretical results. In addition, with the decrease of the number of the antennas the proposed system can obtain better system performance due to the diversity. Moreover, the proposed system has an error floor in terms of BER, which is caused by the energy shortage because the system can not provides enough energy for decoding information of the UE. Hence, the proposed system can offer a tradeoff between the BER performance and the parameter φ. Fig. 7 shows the effect of β on the BER performance of the proposed system over multipath Rayleigh fading channels, where φ = 0.5, N t = 2, N = 4 and M = 4 are adopted. As can be observed, with the increasing of β the theoretical BER performance of the proposed system becomes worse steadily. However, there is an optimal value of β to achieve the best simulated BER performance. The reason is that the ISI is ignored in the BER analysis, while it is not ignored in simulations. In particular, the ISI becomes smaller as the value of β increases. However, with the increasing of β it incurs more noise in the system, thus the BER performance deteriorates.
A. BER Comparison Between Theoretical and Simulated Results
B. Effect of Various Parameters on the System Performance
The effect of the parameter φ on the BER performance of the proposed system over multipath Rayleigh fading channels is shown in Fig. 8 , where N t = 2, N = 4 and M = 4 are used. Referring to Fig. 8 , there is an optimal value of φ to achieve best BER performance. This is because, as φ increases from 0 to an optimal value, e.g., at a SNR of 20 dB the optimal value of φ is 0.8, most of the energy for the received signal are used for harvesting energy while only a handful of the energy are adopted for decoding information, thus deteriorating the performance of the proposed system. However, as φ increases from an optimal value to 1, only a handful of the energy for the received signal are employed for harvesting energy, thus Fig. 9 . BER performance of the proposed system with different value of Nt over multipath Rayleigh fading channels. there is not enough energy for decoding information. Hence, an adaptive system can be designed to obtain the best performance according to the channel state information. Fig. 9 shows the effect of N t (N t = 2, 3, 4) on the BER performance of the proposed system over multipath Rayleigh fading channels, where φ = 0.5, M = 4, 8 and N = 4 are used. It can be observed that the performance of the proposed system with large number of the antennas obtain better performance. However, as the increase of the number of antennas, the performance improvement slows down. For example, for M = 4 and N = 4, at a BER of 10 −5 , the proposed system with three antennas has a 2 dB gain compared with that with two antennas, while the proposed system with four antennas has a 1 dB gain compared with that with three antennas. Also, for M = 8 and N = 4, at a BER of 10 −4 , the proposed system with three antennas has a 1.3 dB gain compared with that with two antennas, while the proposed system with four antennas has a 0.9 dB gain compared with Bernoulli−shift map (N t =4) Fig. 11 . The effect of different chaotic signals on the BER performance of the proposed system over multipath Rayleigh fading channels. that with three antennas. The reason is that, as the increase of the number of the antennas, the ISI is severe due to the imperfect orthogonality of different chaotic signals. Fig. 10 shows the effect of N (N = 4, 8, 16) on the BER performance of the proposed system over multipath Rayleigh fading channels, where φ = 0.5, N t = 2 and M = 4, 8 are adopted. Although with increasing the value of N the BER performance of the CIM part improves [48] , referring to Fig. 10 , it can be observed that with increasing the value of N BER performance a little deteriorates. This is due to the fact that, as the increase of the value of N , the total BER performance of the proposed system is dominated by the BER performance of the M -DCSK part. Also, according to Eq. (6), the above results can be explained. For example, for N = 4 and M = 4, . Hence, at a large number of subcarriers the total BER performance of the proposed system is determined by the BER performance of the M -DCSK part. We further investigate the effect of different chaotic signals on the BER performance of the proposed system. Logistic map, cubic map and Bernoulli-shift map, which are used as the chaotic signals, are given by [31] , respectively logistic map:
Bernoulli-shift map: c k+1 = 1.2c k + 1, when c k < 0 1.2c k − 1, when c k > 0 . Fig. 11 shows the effect of different chaotic signals on the BER performance of the proposed system, where φ = 0.5, N = 4, M = 4, N t = 2 and N t = 4 are adopted. Referring to this figure, the proposed systems with the logistic and cubic maps have the same BER performance while the one with Bernoullishift map has worse BER performance. In particular, it can be seen that the proposed systems with the logistic and cubic maps have a 6-dB gain compared with the one with Bernoulli-shift map. Hence, it is very important to suitably select a chaotic map to generate chaotic signal in practical applications.
C. Comparison between the Proposed System and Existing Counterparts
As a further insight, the BER performance of the proposed system is compared to the CIM-MC-M -DCSK system and CIM-MC-M -DCSK MISO system (i.e., no energy harvesting), as shown in Fig. 12 , where N = 4. Referring to this figure, although the proposed system has a BER performance loss compared with the CIM-MC-M -DCSK MISO system at the same spectral efficiency, e.g., about 2.5 dB performance loss at a BER of 4 × 10 −5 , the proposed system can offer selfsustainable ability for power supply, i.e., it does not require any external power supply. Furthermore, the proposed system can offer better BER performance compare with the CIM-MC-M -DCSK system at the high SNR regime. For example, at a BER of 10 −4 , the CIM-MC-8DCSK MISO-SWIPT system can achieves a 2 dB gain compared with the the CIM-MC-8DCSK system.
V. CONCLUSIONS
In this paper, we have proposed a new MISO-SWIPT scheme for the CIM-MC-M -DCSK system, which can simultaneously provide energy and transmit information for the UEs without any external power supply. The proposed system not only inherit the low-complexity and strong anti-multipath-fading capability advantages of the CIM-MC-M -DCSK system, but also achieves sustainable power supply for the medical devices. Moreover, the performance of the proposed system has been carefully analyzed in terms of BER, spectral efficiency and energy efficiency. Through analysis and simulations, the following results have been obtained: 1) the proposed system exhibits higher spectral efficiency compared with the SR-DCSK SWIPT and CI-DCSK SWIPT systems, while it offers the same spectral efficiency compared to the CIM-MC-M -DCSK system; 2) the proposed system achieves higher energy efficiency than the the SR-DCSK SWIPT, CI-DCSK SWIPT and CIM-MC-M -DCSK system; 3) the proposed system possesses self-sustainable ability and better BER performance compared with the CIM-MC-M -DCSK system. Thanks to the above benefits, the proposed CIM-MC-M -DCSK MISO-SWIPT system can be considered as an excellent candidate for the low-cost, battery-capacitylimited and low-power e-health IoT applications. In the future, we will further investigate the multi-user and uplink scenarios for the proposed CIM-MC-M -DCSK MISO-SWIPT system. APPENDIX A MEANS AND VARIANCES OF (13) AND (17) The means and variances of (13) and (17) are derived as follows.
Eq. (13) is rewritten as
The mean and variance of Eq. (42) is given by
V ar [z e,j ] =φ 4 N 4 V ar β k=1
Because of the orthogonality of different chaotic signals, one has the following approximated expression: Additionally, according to [26] , [28] , for a large spreading factor, one also has the following approximated expression: 
The mean and variance of Eq. (51) can be calculated as
Ln t l=1 α 2 l,nt .
Moreover, because n i x,k follows Gaussian distribution with zero mean and the variance N0 2 , the variable Y k also follows the Gaussian distribution with zero mean and the variance N N0 2 . Hence, the variable β k=1 Y 2 k is a Chi-square distribution with β degrees of freedom, and its mean and variance is given by (14) and (15) . Similarly, the mean and variance of Eq. (17) can be computed.
APPENDIX B MEANS AND VARIANCES OF (27) AND (28)
The means and variances of (27) and (28) 
According to Eqs. (47) and (48), one has
The mean of Eq. (54) can be calculated as E z a,Ŝi = E φa Si β k=1
The variance of Eq. (54) 
Therefore, the mean and variance of (27) are obtained in Eq. (57) and Eq. (58), respectively. Similarly, the mean and variance of Eq. (28) can be calculated.
